1. Introduction {#sec1-molecules-24-02765}
===============

Cytochrome P450s (CYPs) are a superfamily of multifunctional hemoprotein monooxygenases that play an indispensable physiological role in the oxidative biotransformation of endogenous and xenobiotic compounds \[[@B1-molecules-24-02765],[@B2-molecules-24-02765]\]. Among all known CYP enzymes, the CYP1A subfamily has been amply studied due to they contribute most extensively to the bioactivation of procarcinogen such as aflatoxins, polycyclic aromatic hydrocarbons and heterocyclic arylamines, which are conductive to tumor formation and cancer susceptibilities \[[@B3-molecules-24-02765],[@B4-molecules-24-02765],[@B5-molecules-24-02765]\]. In most mammals, the CYP1A subfamily comprises of two isozymes (CYP1A1 and CYP1A2). These two isoforms share high homology in amino acid sequence and overlapping profiles of substrate. Generally, CYP1A2 is primarily expressed in the liver (\~13--15%), while CYP1A1 expression levels are relatively low (\<0.7%), it is mostly distributed in extrahepatic tissues \[[@B6-molecules-24-02765],[@B7-molecules-24-02765],[@B8-molecules-24-02765]\]. Notably, the function and expression of CYP1A can be regulated by a wide range of environmental factors (such as smoking, high-level aflatoxin exposure) and therapeutic drugs \[[@B5-molecules-24-02765],[@B9-molecules-24-02765],[@B10-molecules-24-02765]\]. Dysfunction or abnormal expression of CYP1A may trigger some serious undesirable effects, owing to CYP1As (including both CYP1A1 and CYP1A2) are key enzymes participating in the metabolic activation of procarcinogens to reactive intermediates or ultimate carcinogens inducing subsequent mutagenesis and tumorigenesis, which significantly correlates with the susceptibilities to lung and liver cancers \[[@B11-molecules-24-02765],[@B12-molecules-24-02765]\].

It is generally believed that selecting a suitable animal model(s) is very crucial for pharmacological and toxicological related investigations of a new drug candidate \[[@B13-molecules-24-02765],[@B14-molecules-24-02765]\]. Considering that CYP1A enzymes participate in the metabolic clearances of a wide variety of xenobiotics (such as therapeutic drugs and food chemicals) and in the metabolic activation of many procarcinogens to endotoxic intermediates, it is necessary to decipher the real functions of mammalian CYP1A in living systems using some practical tools, such as optical probe substrates \[[@B15-molecules-24-02765],[@B16-molecules-24-02765],[@B17-molecules-24-02765],[@B18-molecules-24-02765],[@B19-molecules-24-02765],[@B20-molecules-24-02765],[@B21-molecules-24-02765]\]. NCMN (*N*-(3-carboxy propyl)-4-methoxy-1,8-naphthalimide) is a newly developed two-photon ratiometric fluorescent probe for mammalian CYP1A, which has been favorably utilized for real-time monitoring CYP1A in living cells and tissues \[[@B22-molecules-24-02765]\]. Compared with traditionally used probe substrates for CYP1A (such as caffeine and phenacetin), NCMN exhibits excellent performance and many advantages, such as high selectivity, deep tissue penetration, as well as strong anti-interference ability in complex biological systems \[[@B23-molecules-24-02765],[@B24-molecules-24-02765]\]. In addition, because of its low cytotoxicity and deep-tissue imaging depth, NCMN could be successful applied to visualize endogenous CYP1A in living cells and tissues. The superiorities of NCMN provide a promising tool for in-situ monitoring the real activities of CYP1A in living systems ([Figure 1](#molecules-24-02765-f001){ref-type="fig"}). Notably, although the specificity and the response of NCMN towards human CYP1A have been well investigated, the specificity and the capability of CYP1A for sensing mammalian CYP1A have not been well studied \[[@B22-molecules-24-02765]\]. Thus, it is necessary to ascertain whether NCMN is also a specific probe substrate for CYP1A in other animal species, especially for those commonly used experimental animals.

The scope of this study is to investigate the interspecies variations on NCMN*-O-*dealkylation in liver preparations of various animal species. To this end, the commercially available liver microsomes (such as pooled human liver microsomes, as well as liver microsomes form mouse, rat, beagle dog, minipig and cynomolgus monkey) were collected, while the interspecies variations on NCMN*-O-*dealkylation in these liver preparations were carefully investigated by a panel of experimental animal models, including metabolite profiling, enzymatic kinetics analyses and inhibition assays. All these findings are very helpful for exploring the specificity and the sensing capability of NCMN*-O-*dealkylation towards CYP1A in commonly used experimental animals, which will be very useful for further investigations on CYP1A-asscoaited biological events using NCMN as a specific tool for sensing CYP1A activities in animals.

2. Results {#sec2-molecules-24-02765}
==========

2.1. NCMN-O-Dealkylation in Liver Microsomes from Various Species {#sec2dot1-molecules-24-02765}
-----------------------------------------------------------------

The metabolite profiles of NCMN in liver microsomes from different animal species were depicted following 30 min co-incubation with liver microsomes from mouse, rat, minipig, beagle dog, cynomolgus monkey and human (0.25mg protein/mL), in the presence of the NADPH-generating system ([Figure 1](#molecules-24-02765-f001){ref-type="fig"}). As shown in [Figure 1](#molecules-24-02765-f001){ref-type="fig"}, NCMN could be readily O-demethylated in all examined liver microsomes from mammals. A single metabolite of NCMN was fully detected and identified as NCHN (N-(3-carboxy propyl)-4-hydroxy-1,8-naphthalimide), by comparing the retention times, Ultraviolet (UV) and mass spectrometer (MS) spectra with the standard ([supplementary Figure S1](#app1-molecules-24-02765){ref-type="app"}). The formation of these metabolites was NADPH-, time-and microsomes-dependent. The formation rates of NCHN in liver microsomes from different species were seem to be similar with that of human liver microsomes, whearas HLM showed the fastest O-dealkylation rate of NCMN among all examined hepatic microsomes ([Figure 2](#molecules-24-02765-f002){ref-type="fig"}).

2.2. Inhibitory Effects of CYP450 Inhibitors on NCMN-O-Dealkylation {#sec2dot2-molecules-24-02765}
-------------------------------------------------------------------

A series of CYP-specific inhibitors were used to investigate the involved enzymes responsible for NCMN*-O-*dealkylation in different species. As shown in [Figure 3](#molecules-24-02765-f003){ref-type="fig"}, ABT (a broad specificity CYP inhibitor) could potently inhibit the formation of NCHN, suggesting that NCMN O-dealkylation was predominantly mediated by mammalian P450 enzymes in the liver from different animal species. After that, some known selective inhibitors of mammalian CYP isoforms were used to explore the major CYP isoform participating in NCMN*-O-*dealkylation. As shown in [Figure 3](#molecules-24-02765-f003){ref-type="fig"}, furafylline, a potent selective inhibitor for mammalian CYP1A, exhibited different inhibitory effects on the formation of NCHN, which inhibited NCMN*-O-*dealkylation near completely in human, rat and mouse, while lower inhibitory effects have been observed in cynomolgus monkey, beagle dog and minipig. Moreover, sulfaphenazole (a selective inhibitor of mammalian CYP2C) and troleandomycin (a selective inhibitor of mammalian CYP3A), weakly inhibited the formation of NCHN (less than 25% inhibition, *p* \> 0.05), in all examined species. These results clearly demonstrated that NCMN*-O-*demethylation was mainly catalyzed by mammalian CYP1A in liver preparations of all tested species.

2.3. Inhibition of Furafylline on NCMN-O-Dealkylation in Liver Microsomes from Various Species {#sec2dot3-molecules-24-02765}
----------------------------------------------------------------------------------------------

In addition to investigate the similarities of NCMN*-O-*dealkylation in liver microsomes from different species, the dose-dependent inhibition curves of furafylline (a known CYP1A inhibtor) on NCMN*-O-*dealkylation were also investigated using varying inhibitor concentrations, as depicted in [Figure 4](#molecules-24-02765-f004){ref-type="fig"} and [Table 1](#molecules-24-02765-t001){ref-type="table"}. The 50% inhibition concentration (IC~50~) values of furafylline agaisnt NCMN*-O-*dealkylation in cynomolgus monkey liver microsomes (CyLM), beagle dog liver microsomes (DLM), minipig liver microsomes (PLM), mouse liver microsomes (MLM) and rat liver microsomes (RLM) were then evaluated as 56.36 µM, 26.77 µM, 14.61 µM, 5.73 µM and 1.98 µM, which is 6.4 fold (RLM) to 181.8 fold (CyLM) higher than that observed with HLM (IC~50~ = 0.31 µM). The significant differences in inhibitory effects of furafylline towards mammalian CYP1A suggested that furafylline is more sensitive to human CYP1A mediated NCMN*-O-*dealkylation, but this chemical inhibitor is insensitive towards CYP1A in other mammals. These results demonstrated that furafylline could be a more selective and sensitive inhibitor against CYP1A-mediated NCMN*-O-*demethylation in human rather than mammalian CYPs from above mentioned animal species.

2.4. Kinetic Analyses of NCMN-O-Demethylation in Liver Microsomes from Various Species {#sec2dot4-molecules-24-02765}
--------------------------------------------------------------------------------------

The comparative kinetic analyses for NCMN*-O-*demethylation in liver microsomes from different species were also performed. NCMN*-O-*demethylation in liver microsomes from human, beagle dog and mouse, revealed Michaelis-Menten profile, as evidenced by Eadie-Hofstee plot ([Figure 5](#molecules-24-02765-f005){ref-type="fig"}). However, NCMN*-O-*demethylation in liver microsomes from rat, cynomolgus monkey and minipig, obeyed the biphasic kinetics ([Figure 5](#molecules-24-02765-f005){ref-type="fig"}). As shown in [Table 2](#molecules-24-02765-t002){ref-type="table"}, the estimated *K~m~* values for NCHM formation ranged widely in liver microsomes from above species, from 0.18 to 1134 µM, while the *V~max~* values range in NCHM formation was from 0.28 to 78.42 nmol/min/mg protein. As a result, the intrinsic clearance values for the formation of NCHM varied remarkably among different species, ranging from 218.96 mL/min/mg liver microsomes to 2684.48 mL/min/mg liver microsomes. Moreover, the enzymatic kinetic of NCMN*-O-*demethylation in rat recombinant CYP1A2 were also investigated, which obeyed Michaelis-Menten kinetics, displayed similar *K~m~* values and *V~max~* values with that in RLM ([supplementary Figure S2 and Table S1](#app1-molecules-24-02765){ref-type="app"}). The order of the intrinsic clearance for the formation of NCHM as follows, Human \> Cynomolgus Monkey \> Mouse \> Rat \> Minipig \> Beagle Dog, which were in accordance with the tendency of the O-demethylation profiles of NCMN in the above mentioned enzyme sources.

3. Discussion {#sec3-molecules-24-02765}
=============

It is well-known that human CYP1A enzymes (including CYP1A1 and CYP1A2) are key enzymes participating in bioactivation of many procarcinogens to endotoxic intermediates, and are thereby involved in the process of carcinogenesis \[[@B25-molecules-24-02765]\]. It also has been reported that CYP1A1 can be induced by a variety of environmental pollutants and then converts them to carcinogenic metabolites, while the elevated CYP1A1 activity is believed to associate with a high risk of various cancers, such as lung cancer and colorectal cancer \[[@B26-molecules-24-02765]\]. Meanwhile, CYP1A2 can also metabolically activate some known procarcinogens to the corresponding carcinogens, and thus has a significant effect on human tobacco-related cancers \[[@B27-molecules-24-02765],[@B28-molecules-24-02765]\]. Currently, CYP1A has been recognized as a promising target for the prevention of chemical carcinogenesis. However, the species difference or the similarity in the function of mammalian CYP1A enzymes, as well as their responses towards CYP1A inhibitor(s) have not been well investigated. Considering that CYP1A plays crucial roles in metabolic clearance of a wide variety of drugs or food chemicals, as well as in the bioactivation of many procarcinogens, it is necessary to investigate the species difference or the similarity in the function of CYP1A enzymes from various mammals. Such investigation will strongly facilitate to select an appropriate laboratory animal(s) with respect to the similar tissue distribution, metabolic behaviors and biological responses of CYP1A in human, which will be very helpful for *in vivo* studies of CYP1A substrate drugs or procarcinogens.

Recently, NCMN (*N*-(3-carboxy propyl)-4-methoxy-1,8-naphthalimide), a novel ratiometric two-photon fluorescent probe for sensing human cytochrome P450 1A (CYP1A), has been developed by us for real-time detection of the enzymatic activities of CYP1A in complex biological systems \[[@B22-molecules-24-02765]\]. Although this newly developed fluorogenic probe substrate shows high specificity, low cytotoxicity and good reactivity for sensing the enzymatic activities of human CYP1A in complex biological system, the interspecies difference in NCMN*-O-*dealkylation, especially for the specificity and the capability of this probe reaction for sensing mammalian CYP1A have not been well studied. In the present study, to explore the sensitivity and applicability of NCMN for sensing mammalian CYP1A from commonly used experimental animals, the interspecies variation in NCMN*-O-*dealkylation was thoroughly studied using liver microsomes from various species interspecies, including human, mouse, rat, beagle dog, minipig and cynomolgus monkey.

Metabolite profiling of NCMN demonstrated that NCMN*-O-*demethylation could be rapidly catalyzed in liver microsomes from all examined species ([Figure 2](#molecules-24-02765-f002){ref-type="fig"}). Chemical inhibition assays suggested that furafylline (a selective inhibitor against CYP1A) showed moderate to strong inhibition of NCMN*-O-*demethylation in all tested species, suggesting that the NCMN*-O-*demethylation in above mentioned species was mainly mediated by mammalian CYP1A ([Figure 3](#molecules-24-02765-f003){ref-type="fig"}). Enzymatic kinetic analyses demonstrated that the kinetic behaviors of NCMN*-O-*demethylation are much varied in liver microsomes from various species, and none of the selected animal species is totally parallel to humans in terms of kinetic parameters. NCMN*-O-*demethylation in RLM, PLM and CyLM followed biphasic kinetic, which could be explained by that two CYP1A enzymes (including CYP1A1 and CYP1A2) in the liver of these species are two contributors involved in NCMN O-demethylation, owing to CYP1A1 and CYP1A2 are expressed at similar levels in liver microsomes of rat, minipig and cynomolgus monkey \[[@B29-molecules-24-02765],[@B30-molecules-24-02765]\]. Notably, NCMN*-O-*demethylation in rat CYP1A2 followed Michaelis-Menten kinetic, which is different from this reaction in RLM (biphasic kinetic), suggesting that both rat CYP1A1 and CYP1A2 were involved in NCMN O-demethylation in RLM. The *K~m~* value of NCMN*-O-*demethylation in rat CYP1A2 is similar to the lower *K~m~* value of NCMN*-O-*demethylation in RLM, suggesting that NCMN may bind on CYP1A2 with high affinity in contrasat to CYP1A1. By comparison, NCMN*-O-*demethylation in HLM, MLM and DLM obeyed classic Michaelis-Menten kinetics, as CYP1A2 is copiously expressed in the liver, while CYP1A1 is expressed only at very low levels in the liver of human, mouse and beagle dog \[[@B31-molecules-24-02765],[@B32-molecules-24-02765]\]. The abundant expression of CYP1A2 in human liver also explained why the enzymatic kinetics plots and kinetic parameters of NCMN*-O-*demethylation in HLM are much closed to that in CYP1A2 ([supplementary Table S1](#app1-molecules-24-02765){ref-type="app"}). Notably, the affinities of NCMN towards mammalian CYP1A from various species are much varied to each other, from 9.54 µM (in HLM) to 1134.00 µM (in RLM). Furthermore, the intrinsic clearance values (*V~max~*/*K~m~*) for NCMN in HLM are much different from that in DLM or PLM, implying that a beagle dog or minipig could not serve as a good surrogate model to decipher the real function of CYP1A using NCMN*-O-*demethylation as a probe reaction, which was in accordance with a previous report about CYP1A \[[@B33-molecules-24-02765]\]. Although the amino acid sequence identity between human CYP1A and mammalian CYP1A enzymes were very high ([supplementary Figure S3 and Tables S2 and S3](#app1-molecules-24-02765){ref-type="app"}), the large difference in NCMN*-O-*demethylation in liver preparations from various mammals suggested that some key amino acids of mammalian CYP1A might play important roles in the recognition, binding and catalysis of NCMN. It has been reported that the active site residues Arg107, Ser122, Thr123, Thr124, Thr126, Asp313, Gly314, Gly316, Ala317, Gly320, Thr321, Leu448, Arg454, Cys456, Thr498, and Thr501 in CYP1A1 and CYP1A2 enzymes across human, rat and mouse are involved in binding with the ligands, when these residues formed different interactions with ligands, species difference in the recognition, binding and catalysis of ligands might be observed for CYP1A enzymes \[[@B34-molecules-24-02765]\]. By comparison, similar kinetic behaviors of NCMN*-O-*demethylation in MLM were observed as that in HLM. Notably, the *K~m~*, *V~max~* as well as intrinsic clearance values for the formation of NCHN in MLM are close to that in HLM. These findings suggested that CYP1A was the major enzyme responsible for NCMN*-O-*demethylation in all species tested, while MLM exhibited the best combination of specificity, kinetic behavior and intrinsic clearance as that in HLM.

Over the past two decades, increasing attention has been focused on the biological consequences of CYP1A inhibitors. On one hand, inhibition of these enzymes has been recognized as one of the most promising therapeutic strategies against cancer, since CYP1A plays a crucial role in the formation of reactive intermediates leading to mutagenesis and tumorigenesis \[[@B35-molecules-24-02765],[@B36-molecules-24-02765],[@B37-molecules-24-02765]\]. On the other hand, inhibition on CYP1A may also affect the metabolism and detoxification of a wide range of xenobiotics, thereby modulating the half-lives, bioavailability and the therapy effects of CYP1A substrates \[[@B38-molecules-24-02765]\]. For instance, co-administration of enoxacin (a quinolone antibiotic), which is capable of inhibiting CYP1A *in vivo*, can lead to reduction of the metabolic clearance of R-warfarin (a CYP1A substrate drug), and thereby bring undesirable effects \[[@B39-molecules-24-02765],[@B40-molecules-24-02765]\]. In the present study, furafylline, a well-known inhibitor of CYP1A \[[@B41-molecules-24-02765]\], has been selected as a positive inhibitor of CYP1A, to explore the similarity of NCMN*-O-*demethylation in liver microsomes from all studied species. It was obvious from [Figure 4](#molecules-24-02765-f004){ref-type="fig"} and [Table 1](#molecules-24-02765-t001){ref-type="table"} that a high dosage of furafylline (500 μM, final concentration) could significantly inhibit mammalian CYP1A mediated NCMN*-O-*demethylation, but the IC~50~ values varied considerably (0.31--56.36 μM). These findings demonstrated that mammalian CYP1A from all examined animals appeared to be less sensitive towards furafylline CYP1A in comparison with human CYP1A, which were in agreement with previous studies \[[@B28-molecules-24-02765],[@B42-molecules-24-02765]\]. Notably, similar results have been reported that furafylline also displayed relative weak inhibition on 7-ethoxyresorufin O-deethylation (a probe substrate for CYP1A) from mouse, rat, cynomolgus monkey and beagle dog when compared with human CYP1A. Taken together these results indicated obvious species-differences in sensitivity to CYP1A inhibitors, which may not only contribute to the major differences in the active site geometry between human and mammalian orthologues of CYP1A, but might also be due to the differences in the competing pathways or the pharmacokinetics of the inhibitors \[[@B14-molecules-24-02765]\]. These findings suggested that high dosage of CYP1A inhibitors should be used to study CYP1A-associated biological processes in these animals.

4. Materials and Methods {#sec4-molecules-24-02765}
========================

4.1. Chemicals and Reagents {#sec4dot1-molecules-24-02765}
---------------------------

*N*-(3-carboxy propyl)-4-methoxy-1,8-naphthalimide (NCMN) and *N*-(3-carboxy propyl)-4-hydroxy-1,8-naphthalimide (NCHN) were synthesized by our laboratory with purity above 98% identified by HPLC-UV. 1-Aminobenzotriazole (ABT), sulfaphenazole, troleandomycin, furafylline, glucose-6-phosphate dehydrogenase, NADP+ and [d]{.smallcaps}-glucose-6-phosphate were purchased from Sigma (St. Louis, MO, USA). All other reagents were reagent grade or better. Pooled human liver microsomes (HLMs, from 50 donors, lot no. X008067) were obtained from Bioreclamation IVT (Baltimore, MD, USA). Liver microsomes form male ICR/CD-1 mouse (Lot. STOM, *n* = 500), male Sprague-Dawley rat (Lot.JPXY, *n* = 100), male beagle dog (Lot.DMXD, *n* = 3), male Yucatan minipig (Lot.GGSK, *n* = 2), male cynomolgus monkey (Lot.CYJC, *n* = 3) as well as cDNA-expressed rat CYP1A2 (Lot.int066e1c) were purchased from Research Institute for Liver Diseases (RILD, Shanghai, China).

4.2. Incubation Conditions {#sec4dot2-molecules-24-02765}
--------------------------

The 200 µL incubates contained 0.125 to 0.25 mg protein/mL liver microsomes or 100 nM CYPs, an NADPH-generating system (1 mM NADP+, 10 mM glucose-6-phosphate, 1 unit/m glucose-6-phosphate dehydrogenase, and 4 mM MgCl~2~) in 100 mM potassium phosphate buffer (pH 7.4). After pre-incubation at 37 °C for 3min, the incubation was commenced by addition of NADPH-generating system, maintained at 37 °C. The reaction was quenched with ice-cold acetonitrile (200 µL). The mixture was chilled, spun at 20,000× *g* for 20 min at 4 °C. All incubations throughout the study were done in three experiments.

4.3. Kinetic Analyses {#sec4dot3-molecules-24-02765}
---------------------

The formation rates of NCHN were within the linear range of the protein concentration and incubation time. NCMN (1, 2.5, 5, 7.5, 10, 25, 50, 75, 100 and 150 µM) was incubated with HLM, MLM, RLM, DLM, PLM, CyLM (0.25mg protein/mL) as well as rat CYP1A2 (100 nM) for 30min. The apparent *K~m~* and *V~max~* values were determined by fitting the substrate concentrations versus the metabolite reaction velocities to the Michaelis-Menten equation (Equation (1)) and the Biphasic Kinetics equation (Equation (2)), and the results were graphically represented by Eadie-Hofstee plots. $$v = \frac{V_{\mathit{\max}}\lbrack S\rbrack}{K_{m} + \lbrack S\rbrack}$$ $$v = \frac{V_{\max\ 1}\lbrack S\rbrack}{K_{\max\ 1} + \lbrack S\rbrack} + \frac{V_{\max\ 2}\lbrack S\rbrack}{K_{\max\ 2} + \lbrack S\rbrack}$$ where *v* is the rate of the reaction, *V~max~* is the maximum velocity estimate, *K~m~* is the substrate affinity constant, \[*S*\] is the substrate concentration.

4.4. Chemical Inhibition Assays {#sec4dot4-molecules-24-02765}
-------------------------------

Furafylline, sulfaphenazole, troleandomycin and 1-ABT were used to inhibit NCMN O-demethylation in HLM, MLM, RLM, DLM, PLM and CyLM. 10 µM NCMN was incubated with an NADPH-generating system with or without CYP inhibitors: 100 µM furafylline (a CYP1A inhibitor), 10 µM sulfaphenazole (a CYP2C inhibitor), 200 µM troleandomycin (a CYP3A inhibitor) and 500 µM 1-ABT (a broad CYPs inhibitor) \[[@B43-molecules-24-02765],[@B44-molecules-24-02765],[@B45-molecules-24-02765],[@B46-molecules-24-02765],[@B47-molecules-24-02765]\]. Moreover, the inhibitory effects and the IC~50~ values of furafylline (0--500 μM) were investigated using various concentrations of NCMN in liver microsomes from mammals.

4.5. Fluorescence Detection and LC-ESI-MS Analysis {#sec4dot5-molecules-24-02765}
--------------------------------------------------

All fluorescence studies for NCMN and and its O-demethylation metabolite (NCHN) were carried out on a multi-mode microplate reader (BioTek Synergy H1, Hybrid Reader, Winooski, VT, USA), under the fluorescence emission of 452 nm and 564 nm and the fluorescence excitation of 372 nm and 450 nm, respectively (Gain = 60 for substrate and Gain =100 for metabolite).

The UFLC system consisted of a SIL-20ACHT auto sampler, a DGU-20A3 in-line degasser, a CBM-20A communications bus module, a CTO-20AC column oven, two LC-20AD pumps and an SPD-M20A photodiode array detector were used for analyzing the samples. The separation of NCMN and its metabolites was achieved on a Shim-pack XR-ODS (75 mm × 2.0 mm, 2.2 µm, Shimadzu, Kyoto, Japan) analytical column with an ODS guard column (5 mm × 2.0 mm, 2.2 µm, Shimadzu, Kyoto, Japan). The O-demethylation was quantified at the detector wavelength of 243 nm. The mobile phase was comprised of CH~3~CN (A) and 0.2% formic acid (B) at total flow rate of 0.4 mL/min, which was linear from 90% B to 80% B in 2 min, then decreased to 25% B in 8 min, followed by a decrease to 5%B in 4 min, and finally balanced to 90% B in 4 min. The column oven was kept at 40 °C.

NCMN and NCHN were identified by means of a Shimadzu LC-MS-2010EV (Kyoto, Japan) instrument with an ESI interface. In respect to mass detection, positive-ion mode (ESI+) as well as negative ion mode (ESI−) from *m*/*z* 100 to 800 with the electron voltage setting at +1.55 kV, and −1.55 kV was employed. Data processing was conducted using the LC-MS Solution (version 3.41; Shimadzu, Kyoto, Japan).

5. Conclusions {#sec5-molecules-24-02765}
==============

In summary, the interspecies difference in NCMN*-O-*demethylation was well-characterized in liver preparations of various species, in regard to the similarities in metabolic profiles, enzymatic kinetics analyses and inhibition assays. The results clearly demonstrated that mammalian CYP1A were the primary enzymes responsible for NCMN*-O-*demethylation in liver microsomes from human and five studied animals. Further investigation demonstrated that NCMN*-O-*demethylation in MLM exhibited the best combination of specificity, kinetic behaviors as well as intrinsic clearances as that in HLM. In addition, the inhibitory effects of furafylline on NCMN*-O-*demethylation varied considerately among different animals. All these findings were helpful for the further investigation on CYP1A-associated physiological and pathological processes using NCMN*-O-*demethylation as a marker reaction to decipher the real functions of mammalian CYP1A, as well as for *in vivo* studies on CYP1A-mediated drug-drug interactions.

**Sample Availability:** Samples of the compounds (NCMN and NCHN) are available from the authors.

The following are available online, Figure S1: LC-ESI-MS spectra of NCMN and NCHN, Figure S2: Michaelis-Menten plot of NCMN*-O-*demethylation in rat CYP1A2. Figure S3: Phylogenic tree of CYP1A1 and CYP1A2, Table S1: Kinetic parameters of NCMN*-O-*demethylation determined in different enzyme sources. Table S2: Percent identity matrix of similarity of amino acid sequences of CYP1A1 from different species, Table S3: Percent identity matrix of similarity of amino acid sequences of CYP1A2 from different species. Please mention supplementary materials in main text at least once. (We have mentioned supplementary materials in main text, please see the details in the revised main text).
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![The chemical structure of *N*-(3-carboxy propyl)-4-methoxy-1,8-naphthalimide (NCMN) and its fluorescence response towards mammalian cytochromes 1A from different species.](molecules-24-02765-g001){#molecules-24-02765-f001}

![Representative LC-UV profiles of NCMN and its demethylation metabolite in liver microsomes from human, beagle dog, rat, mouse, minipig and cynomolgus monkey. NCMN (10 µM) was incubated with liver microsomes (0.25 mg protein/mL) from each species at 37 °C for 30 min.](molecules-24-02765-g002){#molecules-24-02765-f002}

![The inhibitory effects of chemical inhibitors of cytochrome P450s (CYPs) on the formation of NCMN in liver microsomes from different species. N.D. means not detected.](molecules-24-02765-g003){#molecules-24-02765-f003}

![The dose-dependent inhibition curves of furafylline on NCMN*-O-*demethylation in liver microsomes from human (**A**), cynomolgus monkey (**B**), beagle dog (**C**), minipig (**D**), mouse (**E**) and rat (**F**).](molecules-24-02765-g004){#molecules-24-02765-f004}

![Enzymatic kinetic plots of NCMN*-O-*demethylation in liver microsomes from human (**A**), cynomolgus monkey (**B**), beagle dog (**C**), minipig (**D**), mouse (**E**) and rat (**F**). NCMN (1--150 µM) was incubated with HLM, CyLM, DLM, PLM, MLM or RLM(F) at 37 °C. Please add explanations for (A)--(F)](molecules-24-02765-g005){#molecules-24-02765-f005}
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The IC~50~ values of furafylline against NCMN*-O-*demethylation in liver microsomes from different species.

  Enzyme Source   IC~50~ (µM)
  --------------- -------------
  HLM             0.31
  CyLM            56.36
  DLM             26.77
  PLM             14.61
  MLM             5.73
  RLM             1.98

Human liver microsomes (HLM), cynomolgus monkey liver microsomes (CyLM), beagle dog liver microsomes (DLM), minipig liver microsomes (PLM), mouse liver microsomes (MLM) and rat liver microsomes (RLM).
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Kinetic parameters of NCMN*-O-*demethylation in liver microsomes from different species.

  Enzyme source   *V~m1~*         *V~m2~*       *K~m1~*            *K~m2~*       *V~m~/K~m~*
  --------------- --------------- ------------- ------------------ ------------- -------------
  HLM             25.61 ± 0.15                  9.54 ± 0.24                      2684.48
  CyLM            8.43 ± 0.91     0.28 ± 0.08   198.70 ± 39.66     0.18 ± 0.09   1559.45 ^1^
  DLM             13.53 ± 0.34                  61.79 ± 3.52                     218.96
  PLM             28.22 ± 5.82    3.35 ± 1.20   242.80 ± 111.80    5.70 ± 3.27   587.44 ^1^
  MLM             33.17 ± 0.42                  22.80 ± 1.22                     1454.82
  RLM             78.42 ± 31.17   5.71 ± 0.45   1134.00 ± 482.10   5.66 ± 0.80   1007.94 ^1^

*K~m~* values are in µM; *V~m~* values are in nmol/min/mg for liver microsomes; *V~m~/K~m~* values are in ml/min/mg for liver microsomes. The range of substrate concentrations was 1--150 µM. ^1^ *V~m~/K~m~* values were calculated by using the lower V~m~ and *K~m~* values.

[^1]: These authors contributed equally to this work.
